This paper describes a new technique for allowing multiple users to haptically interact with a set of deformable slowly-simulated objects in a stable manner. Stability has been approached in the past by various researchers using passivity theory in order to avoid having to model the human operator closing the haptic loop. None of these solutions however can work well without the use of high update rates and thus break down in the case of haptic interaction with slowly simulated virtual environments such as the ones featuring highly precise deformable objects. Tliis is particularly true for the case of surgical simulation with force feedback, where precision is a key issue and where complexity can reach high levels. The techniques presented in this paper are based on the concepts of local model for haptic interaction adapted to deformable objects. Such approach allows multiple users to stably interact with a same object while feeling the influence of other users on the same object. Experimental results employing a PHANTOM haptic interface are proposed for a simple example.
Introduction
Haptic interfaces (HI) allow physical interaction with virtual environments through the sense of touch. Combined haptic and visual interfaces have been around for decades in a variety of forms enabling simple remote manipulation.
Yet, despite an enormous increase in research activity in the last few years, the science of haptics (perception and manipulation with our hands) is still a technology in its infancy. State of the art consists of three degrees-of-freedom (DOF) interfaces, i.e. devices with three motors that are able to actuate three linear forces at the end effector. The most well known and commercially successful interfaces of this kind are the PHANTOM, produced by SensAble technologies, and the Delta, produced by ForceDimension. Interfaces with higher number of DOFs exist too.
With the term haptic rendefing we refer to that branch of haptics research that deals with calculating the right interaction force between a virtual representation of the user and a virtual object. In order for the simulation to be realistic such forces should be stable.^ Early efforts on haptic rendering dealt with simple objects, such as the so called virtual wall [I, 2, 31. This has been followed by research on complex virtual environments (VE) featuring rigid objects [4, 5, 6 , 71. Many current research efforts center on deformable objects to he employed in VR applications for medical training [8, 91. Two main families of haptic devices have been defined in the past: admittance and impedance [IO] . In the following we will focus our attention only on the latter, i.e. to mechanical devices configured to render a commanded force while provided with a nieasurement of position and/or velocity. This is motivated by the larger availability of impedance devices due to their more limited cost and higher ease of use. Thus from now on, with the term haptic rendering we will refer to haptic rendering for impedance displays.
Designing haptic rendering algorithms is a non trivial task. Most of the difficulties are due to the fact that users always penetrate inside virtual objects. While this usually goes unnoticed, because of the limitations of the human position system, various problems can arise. Stability issues may arise in the form of 0-7803-7516-5/02/$17.00 WOO2 IEEE vibration or unreasonable peaks of force feedback. Unrealistic effects such as transparency of thin objects may also arise Both of these aspects have been studied in the past in the case of interaction with rigid objects.
Stability for haptic interfaces is a complex control problem since it features a human operator inside the control loop. In order not to model such element passivity theory has been used [2] showing that the maximum stiffness that can be simulated with haptic interfaces in a stable way is proportional to the servo rates used and to the damping in the interface.
Haptic rendering techniques have been developed for the case of single point of contact interaction. The god-object [4] and the virtual proxy [SI are typically used for single point of contact haptic interaction with rigid objects.
The goal of this paper is to analyze some problems that arise in haptic rendering techniques with complex deformable objects and to present new interaction techniques for such case. It is important to note that the proposed solution is independent from the particular implementation chosen for simulating deformable objects. The reminder of this paper is organized as follows: Section 2 analyzes possible instabilities that arise in the case of interaction with deformable objects; Section 3 presents a possible solution for such instabilities; Section 4 briefly discusses future developments.
2 Haptic rendering with deformable objects Both stability and haptic rendering techniques described above tend to break down in the case of virtual environments employing deformable objects.
In the following we will analyze why this happens and propose a possible solution.
Haptic rendering issues
As far as haptic rendering techniques are concerned, some attempts have been made by Ruspini and Khatib [5] in order to extend the proxy algorithm to non-rigid objects. What is proposed by the aut.hors is, however, applied to "soft rigid objects", i.e. objects whose shape does not change in time but whose stiffness is limited, as opposed to slowly simulated deformable objects, i.e. objects that assume a new shape when forces interact with them. In the former case the proxy is still computed using the rigid polygonal representation of the object. The force feedback, however, is computed using a point that lays between haptic interface and proxy positions (see Fig. 1 ). In the latter case the proxy cannot be computed using a static representation of the object, since such repre sentation is constantly changing. Using the undeformed object to compute the proxy will lead to wrong interaction forces. More specifically users interacting with the same object will not be able to feel the effect of other users on the same object. The haptic rendering techniques used for deformable objects should thus be based on the current representation of the object.
Stability issues
Most high precision techniques for deformable objects tend to be computationally expensive. As a consequence it is normally very hard to reach high control rates (> 1KHz) and thus to simulate a large band of impedances [2].
Various solutions, all based on decoupling haptic and simulation.loops, have been proposed [ll, 6, 121. The basic idea behind decoupling haptic loop from simulation loop is to use a simple implicit function that approximates, to a good extent, a small part of the object being touched. More specifically such intermedzate representation or local model represents the part of the object which is closest to the current position of the haptic interface (Fit. 2).
'(see [4] for a more thorough description of potential Past imp1ementations Of local models, tyPically god-object or proxy, have been impleproblems)
,-- The sanle does not apply to deformable objects. depicted in Fig, 3 where the N-fold decimator
The local model position depends on the state j ( p N ) , being p an integer number, of the high of the object's surface. This state, on the other rate j ( k i ) and the N-fold expander have hand, depends on the interaction force between been used to model the multirate system conuser and virtual object, i.e. on the local model sisting of synchronized dynamics, the VE position. Hence a closed loop is created. Such engine running at low rate ( 2 0~z ) closed loop can become unstable, as discussed in and the local model which is N times faster 2 & the following, thus driving both the \'E and the (lKHz), haptic interface in a vibrating state that comSince we are considering a single dimensional pletely destroys any sense of realism.
case, the position of the local model, and of the proxy used on it, are coincident with the free end 2.3 Mathematical description of of the object (see Fig. 4) , and are thus computed 20 times per second. The local model is based on a simple spring, i.e. there is always a purely
The closed loop local model can be rigorously elastic element between proxy and HI positions. described. Consider the simple case of a one-Thus given a new HI position 51 every T secs, dimensional deformable object, i.e. a spring, .the corresponding interaction force to the user used in conjunction with different types of lo-is given by K h ( q -zo), where Kh denotes the cal models. We will analyze t.his in a multirate local model stiffness. Such force is then samsystem framework. pled, every NT secs, by the simulation block, Typically simulations comprising both de-which returns a new deformable object surface formable objects and haptic interfaces feature position zo, and thus a new local model positwo separate loops. The haptic loop is a process tion, after N T secs. We assume the deformable rnented using different techniques. .4dachi et face while it,s al. in [11] virtual object surface, as an intermediate repre - The Same has been done (e,g. I~~z ) , as previously described, due to a new local model can be 'Omthe problem Figure 4 : The mechanical model of the haptic interface interacting with a deformable object.
object to have local stiffness K O . It is important to note that the deformable object surface position used to compute the interaction force that is fed to the HI is constant for periods of NT seconds, i.e. the local model position 5, at a given step k is given by
where La] denotes the integer part function.
This type of behavior is often referred to as a sowtooth delay, and has been studied for instance for internet-based teleoperation 113, 141. It can be shown that the sawtooth delay is equivalent to the combination of a pure NT delay before the expander in Fig. 3 and a discretetime zero-order hold whose impulse response is
after the expander, i.e. with sampling period T a s reported in Fig. 5 .
As a consequence of this and of the assumption that the two loops are synchronized the stability analysis for the simulation loop becomes simpler. In this case L ( r ) = Kh and it is an easy matter to verify that the input-output relationship between the slow-rate signals ~( k ) and y(k) in Fig. 5 is given by y(k) = -Kh6(k). Step 1 the local model is calculated inside the slow simulation loop using the current surface configuration of the deformable object, as if it was static, as well as the current haptic interface position;
S t e p 2 Kh is chosen to satisfy stability condition 3 and assigned to the non-rigid local model stiffness;
Step 3 the force that the local model returns to deformable object simulation, for it to compute its next configuration, is evaluated as a function of the N forces returned by the local model to the haptic interface inside a N T period. As it appears clear the ratio between Kh and KO not only determines the stability, or lack of, for the deformable object but also the settling time for the surface of the object (proxy position). It is important to note that long settling time lead to noticeable oscillations (see Fig. 7) , which is an effect that might corrupt, in part, the overall sense of realism. Thus it should be KO >> Kh whenever possible.
On the other hand using a local model stiffness, such that KO >> Kh is met, means that the steady state step response for the system in -. -. . . which means that the surface settles to a position that is only a fraction of the penetration of the haptic interface inside the object. While this might be fine for objects that are not very compliant, in the case of soft objects the haptic interface must penetrate the object to an extent that is considerably larger than the actual deformation for the object. For instance, if K, = 9Kh the settling time is very short'(see Fig. 6 ) but the object surface moves only lcm for a physical movement of the haptic interface equal to 10 centimeters. Work is in progress to synthesize local models able to cope with this intrinsic tradeoff between performance (settling time) and realistic haptic interaction with deformable objects. 
Conclusions
This paper describes new techniques allowing users to haptically interact with a set of deformable slowly-simulated objects. In particular the paper analyzes possible causes of instability that are specific to the case of deformable objects. The techniques proposed in this paper are based on the concepts of local model for h a p tic interaction previously introduced by various researchers, which are adapted for the particular case of deformable objects. Experimental results featuring a simple one-dimensional scenario are reported. Future work will involve using a variable Kh in order to further stabilize the haptic interaction as well as to simulate high frequency interaction forces on the user.
